The melting of alpine snow and glaciers is an important hydrologic process on Mount Gongga, China. The relevance of ice-snow melt to the groundwater recharge in the glacierized Hailuogou watershed is so far not well known. To better understand the origin of groundwater and the hydrological interactions between groundwater, meltwater, and precipitation in this region, 148 environmental isotopic data of water samples were analyzed for changes in isotopic composition. The results indicate that the groundwater contains a uniform isotopic signature, with δ
Introduction
In many high-elevation mountain areas, ice and snow are an essential component of the hydrological cycle, and the seasonal character and amount of runoff are closely linked to cryospheric processes [1] . Significant climate change is already globally visible, and is expected to become more pronounced in the future [2] . Earth's mean surface temperature has increased by approximately 1 °C since the beginning of the 20th century [3] , and the temperature has increased by 0.4-0.5 °C from 1860 to 2005, most drastically after 1951, in China [4] . Through increases in temperature are coupled with changes in precipitation regimes, mountain regions seem to be particularly sensitive to the changing climate [5, 6] . Due to their sensitivity to temperature and precipitation, mountain glaciers and snow covers have lost a considerable amount of their area and volume [7, 8] , and a further rise in temperature will exacerbate this situation [9] . Climatic changes will significantly affect melt features in mountainous areas [10, 11] . As glaciers and snow covers rapidly melt, they will provide enhanced runoff, but as they diminish, the runoff will decline to levels that simply reflect precipitation [12] [13] [14] [15] .
The hydrological regimes have been seriously affected by the changes in glaciation and snow cover on the Tibetan Plateau [16] . As the highest mountain on the eastern margin of the Tibetan Plateau, Mount Gongga is the largest area of modern glaciation in the Hengduan Mountains and one of the principal glacierized areas controlled by the monsoonal climate in the southwest of China. Owing to the distinct characteristics of this alpine region, including its diverse topography, geology, climate, and hydrology, it has hosted many scientific investigations [17] [18] [19] [20] [21] . Located on the eastern slope of Mount Gongga, Hailuogou (HLG) watershed is an ideal location for studying the distinctive hydrologic regimes of this alpine area. To develop a baseline assessment of the components and the generation mechanism of groundwater in this headwater region, data on isotope hydrology have been generated almost monthly between May 2008 and November 2009. Craig (1961) observed the following correlation between the stable isotope ratios of hydrogen and oxygen in precipitation: δ 2 H = 8δ 18 O + 10, which was later defined as the global meteoric water line (GMWL). The slope of the GMWL, 8, is controlled by the ratio between the isotope equilibrium fractionation factors of oxygen and hydrogen, while the intercept of 10 is controlled by evaporation processes in the water vapor source region [22] . Rozanski et al., (1993) published a refined GMWL, δ 2 H = 8.20δ 18 O + 11.27, which was derived from the IAEA/WMO GNIP (the Global Network of Isotopes in Precipitation maintained by the International Atomic Energy Agency and the World Meteorological Organization) database [23] . Local meteoric water lines (LMWL) are controlled by local geographic and meteorological factors. Hence, the LMWL at any given location might be quite different from the GMWL.
Environmental isotopes play an important role in studies of the groundwater provenance and recharge mechanisms in the pro-glacial groundwater system. Such investigations include the studies of Kristiansen et al., (2013) in front of a warm-based glacier in Southeast Greenland [24] , Wadham et al., (2007) from the proglacial zone of a retreating high Arctic glacier [25] , Blaen et al., (2013) in Arctic river basins [26] , and Tan et al., (2009) in the western Qaidam Basin, China [27] . However, these studies of groundwater do not represent the isotopic features of the groundwater in the glacierized HLG watershed. Moreover, previous studies of the groundwater in the HLG watershed have been generally qualitative.
Combined with the available meteorological and hydrological data in the study area, we attempt (1) to understand the seasonal variability of the isotope concentration in groundwater, ice-snow meltwater, and precipitation in the glacierized area; (2) to determine the correlation between δ 2 H and δ
18
O for water collected during this sampling period; and (3) to estimate the relative contributions of the water components, especially the ice-snow meltwater, to groundwater recharge. We expect that the results will provide insight into water resource and watershed management in alpine glacierized regions.
Study Area
Mount Gongga (29°20′ N-30°20′ N, 101°30′ E-102°15′ E) is located in the transition zone between the Tibetan Plateau and the South Chinese plains. It is the highest peak, 7556 m a.s.l., in the eastern part of the Tibetan Plateau, and its eastward drop, with a vertical difference of more than 6300 m within a horizontal distance of only 11 km, is one of the largest in the world [28] . The eastern slopes reach down into the Dadu Valley (1100 m a.s.l.), and the western slopes blend into the Tibetan Plateau (3000 to 3500 m a.s.l.). At comparable altitudes, the eastern slopes are colder and more humid than the western slopes. Comparable to other Chinese mountain ranges, the maximum precipitation occurs at far higher altitudes (2900 to 3200 m a.s.l.) along the eastern slope [29] . There are 74 glaciers on the east (33 glaciers) and west (41 glaciers) slopes of Mount Gongga.
The glacier area and volume on the eastern slope are larger than those on the west. The snow-line elevations on the eastern slope, ranging from 4800 to 5000 m a.s.l., are lower than those on the west, which range from 5000 to 5200 m a.s.l. These 74 glaciers have decreased in area by 11.3% (29.2 km 2 ) from 1966 to 2009 [20] .
The HLG watershed is situated on the eastern slope of Mount Gongga, ranging from 2756 to 7556 m a.s.l., with a mean altitude of 4714 m a.s.l. Characterized by abundant precipitation, little evaporation, large discharge, and complex water resources, the HLG watershed covers an area of 94.75 km 2 , of which 34.67 km 2 (36.6%) is glacierized [30] . Belonging to the wet monsoon climate, the alpine region is controlled by the southwest and southeast monsoons in the summer and by the westerly circulation in the winter [31] and is approximately 13.1 km in length, is the largest and longest glacier of the 74 glaciers on Mount Gongga [19] ; the six other glaciers in the HLG watershed are much smaller. Extending from 7556 m a.s.l. to 2990 m a.s.l. at its terminus, HLG Glacier is a typical monsoonal temperate glacier [32] .
Data and Methods

Field Measurements and Sampling
Water samples, including groundwater, precipitation, and ice-snow meltwater, were collected almost monthly from Groundwater was sampled from two existing wells at site I and site III. Prior to sampling, several well volumes were removed to ensure water maximum sample quality. The water samples were passed through 0.45 μm pre-cleaned membrane filters and were collected in 500 mL pre-cleaned high-density linear polyethylene bottles with tight-fitting screw caps. Evaporation through partially filled bottles or leaky bottle caps may pose a problem. Water bottles were filled slowly to minimize post-sampling alterations in the isotopic composition and were immediately stored in ice boxes.
Precipitation was sampled at two locations, site I and site III. During the monitoring programs for precipitation, precautions against evaporation are essential, and event samples are integrated on a monthly basis. A layer of paraffin oil was poured into the sampling container to prevent evaporation. Using a hand auger, the glacier and snowpack were drilled to retrieve cores of ice and snow at the area of the HLG Glacier tongue. Ice-snow samples were sealed in plastic in the field and then left to be melted and bottled.
Water samples must be collected and stored in well-sealed bottles. Repeated sampling for different isotope analyses at the sampling sites will produce a large number of water sample bottles. Unique sequential numbering was used for sample identification, with the specific analysis included, using a narrow-tip waterproof marker or pencil (graphite does not fade) on a sticky label that was then totally covered by clear tape. Sampling for 18 O and 2 H in water is simple because neither is measurably affected by chemical or biological processes. The collection bottles were washed at least three times using in situ water.
The number of monthly samples varied slightly due to the accessibility of water samples, caused mainly by unfavorable weather conditions. We took two samples at every sampling location in case of failure in the process of sample transportation.
Laboratory Analysis
These samples were transported with ice bags and refrigerated until use. The isotopic analyses were performed after the sample campaign was completed. The isotopic compositions (δ 18 O, δ 2 H) of the samples were determined at the State Key Laboratory of Hydrology-Water Resources and Hydraulic Engineering of Hohai University, China, using a Thermo Finnigan MAT253 mass spectrometer. The stable isotope compositions of hydrogen and oxygen in the water samples are expressed using the conventional delta notation relative to the Vienna standard mean ocean water (V-SMOW), in parts per thousand:
where Rsample and Rstandard denote the H ratios in the sample and the standard material, respectively. The standards of both the oxygen and hydrogen isotope measurements are V-SMOW established and distributed by the International Atomic Energy Agency in Vienna, Austria.
The analytical precision was ±0.1‰ and ±2‰ for δ
18
O and δ 2 H, respectively.
Data Analysis
Dansgaard (1964) introduced the concept of deuterium excess (d-excess), which is defined as
O [33] . The value of d-excess for precipitation is mainly associated with the meteorological conditions at the region from where the sample is derived, i.e., the relative humidity in the atmosphere above the ocean, wind regime, ocean surface roughness, and temperature [34] .
The hydrograph separation technique requires that the signatures of different water components be distinct and that the tracer signatures be conservative.
Stable isotope data have been used to estimate the quantities of the various water components that contribute to the groundwater [35] [36] [37] [38] . The principle of these studies using stable isotopes is based on the contrast in the isotopic compositions of the water components. If there is no contrast between the water components, then a hydrograph separation using isotopes is not possible. Groundwater in the alpine region can be simply separated into two components of ice-snow meltwater and precipitation. δ
18
O is an ideal index that is capable of hydrologic separation in the HLG watershed. A simple δ
O-based hydrologic model may be applicable to estimate the relative contributions of hydrologic components over the total groundwater volume, as described below:
where Q is the volumes of the mixing components, and the subscripts represent groundwater (G), precipitation (P), and ice-snow meltwater (I-S). Written then as an isotopic mass balance, it becomes:
where δ is the tracer concentration (isotope content). Thus, by substitution for Qp = QG − QI-S and rearranging:
where f is the fraction of the subscripted water components in groundwater. In order for this equation to be useful in calculating f, the requirements are that the isotopic parameters be different between the ice-snow meltwater and precipitation components and that the isotopes behave conservatively.
Results
Meteorological and Hydrological Characteristics
The hydro-meteorological data used in this study were collected in the HLG watershed. The precipitation and temperature were measured at the meteorological station (3000 m a.s.l.), which was located a short distance away from the stream water sampling site, and the water stage in the HLG river was measured at the hydrological station (2920 m a.s.l.), which was located approximately 1 km from the HLG glacier terminus (Figure 1 
Stable Isotopic Signatures of Water Samples
Isotopic Compositions of Water Samples
The statistics of the stable isotopic composition of the waters collected for this study are summarized in Table 1 H values for the snowfall samples display higher slope and intercept values than those for the rainfall samples due to the influence of secondary evaporation [39] . Owing to snowfall events accounting for a relatively large portion of the annual total precipitation events and the low evaporation, the LMWL in the study region is characterized by slightly higher slope and intercept values (7.8 and 12.0) than those (7.3 and 5.6) of the LMWL for the Yangtze River basin [40] . The isotopic data points of the precipitation tend to be scattered along the LMWL (Figure 4) , indicating large magnitudes of variation in δ The majority of the isotopic data points of groundwater fall close to the GMWL and LMWL, indicating that the evaporation effect on the isotopic variation of groundwater is very limited. This limited evaporation effect is due to the many foggy and cloudy days, lower temperature, large areas of forest, and the low wind velocity in this study region. Ice-snow meltwater is typically the most depleted in H than precipitation, suggesting that there are seasonal biases to the recharge and that the groundwater in this region may contain a common origin of heavy-isotope-depleted water (ice-snow meltwater) in addition to precipitation. Many processes may potentially affect the isotopic composition of groundwater in the study area: (1) Much precipitation is lost by runoff and evapotranspiration in the study alpine region, and only part of the precipitation infiltrates to the water table, which could cause a seasonal bias in the isotopic composition of the groundwater. In the spring, when temperatures are low, vegetation is inactive and soils are saturated, the recharge rates from precipitation are generally high; in the summer, the recharge rate from precipitation is low because the most precipitation is evapotranspired back to the atmosphere; in the fall, the recharge rate from precipitation increases again due to the shut-down of photosynthesis; and in the winter, the frost precludes recharge in the study area.
Discussion
Comparing Groundwater with Precipitation
(2) Ice-snow meltwater imparts an isotopic depletion to the groundwater recharge in this glacierized region. Ice-snow meltwater is a substantially important water source in this alpine glacierized area and is one of the two main sources of groundwater. The infiltration of meltwater in recharge is of great importance, requiring serious consideration in the pro-glacial region.
(3) There is no evidence for an evaporative component in groundwater. Evaporation is a systematic enrichment of the isotopic content of 18 O and 2 H relative to the composition of the original precipitation [41] . On the basis of climate data (at 3000 m a.s.l.) from 1988 to 2009, it is calculated that the annual precipitation (at 3000 m a.s.l.) is over 1900 mm, but the annual evaporation is only approximately 300 mm in the HLG watershed. This result indicates that abundant precipitation and low evaporation are distinct climatic features in the study region, and so the evaporation has little effect on the isotopic composition of groundwater.
Groundwater Mixing in the Study Region
Clear deviations in the isotopic composition of groundwater from that of precipitation are found in this alpine glacierized region. There is an inverse trend of isotopic variation, in that the groundwater samples are isotopically more enriched in the heavy isotopes 18 O and 2 H in the wet season than in the dry season, while the precipitation samples are more depleted in the wet season than in the dry season. This inverse trend can be explained by the different fractions of water components in groundwater. As a whole, the groundwater is more depleted in the heavy isotopes 18 O and 2 H than the precipitation, whereas it is more enriched than the ice-snow meltwater. It is always desirable to estimate the various water components that contribute to groundwater. Groundwater in the study region mainly results from the percolation of precipitation and ice-snow meltwater [42] . The relative contributions of ice-snow meltwater and precipitation to the groundwater volume may be estimated by Equation (4) . Figure 6 shows the percentages of ice-snow meltwater and precipitation that contribute to groundwater at site I and site III, highlighting a marked seasonal variation. Specifically, we compare the calculated percentages of the water components based on δ O data on water collected in this investigation period, at site I, the calculated fraction of ice-snow meltwater is 35% on average over the year-that is, 33% in the wet season and 39% in the dry season-and that of precipitation is 65% (67% in the wet season and 61% in the dry season) (Figure 6a ). And according to the δ 2 H data, at site I, the calculated fraction of ice-snow meltwater is 36% on average over the year-that is, 33% in the wet season and 40% in the dry season-and that of precipitation is 64% (67% in the wet season and 60% in the dry season) (Figure 6b ). According to the δ
18
O data, at site III, the calculated fraction of ice-snow meltwater is 31% on average over the year-that is, 30% in the wet season and 36% in the dry season-and that of precipitation is 69% (70% in the wet season and 64% in the dry season) (Figure 6c ). And according to the δ 2 H data, at site III, the calculated fraction of ice-snow meltwater is 31% on average over the year-that is, 29% in the wet season and 38% in the dry season-and that of precipitation is 69% (71% in the wet season and 62% in the dry season) (Figure 6d ). The results of this calculation on the basis of δ
O are in line with those on the basis of δ 2 H, and the groundwater at site I is slightly more dominated by precipitation than that at site III. The results of this simple calculation attest to the fact that (1) groundwater in this alpine glacierized region is dominated by recharge from precipitation and ice-snow meltwater; (2) ice-snow meltwater plays an important role in the recharge of groundwater; and (3) the isotopic composition of groundwater is temporally variable, depending mainly on its sampling time. 
Conclusions
The groundwater in the HLG watershed is generally a mixture of ice-snow meltwater and precipitation, with distinct isotopic compositions. Groundwater shows a uniform isotopic signature, and relatively intermediate values of δ O, the majority of the isotopic data points of the groundwater fall close to the LMWL, indicating that the evaporation effect on the isotopic variation of groundwater is very limited. Given the small percentage of precipitation that becomes groundwater and this seasonal bias in recharge, the seasonal isotopic variations observed in precipitation are substantially attenuated during the formation of groundwater.
The groundwater in this alpine glacierized region is dominated by recharge from precipitation and ice-snow meltwater. Using a simple δ
18
O model, we estimate that the fraction of ice-snow meltwater in the total groundwater volume is 35% and that of precipitation is 65% over the course of the year. The results of this study further demonstrate that ice-snow meltwater is a substantially important water source of groundwater in the alpine glacierized region and that stable isotopes are applicable to hydrological investigations.
